Introduction
============

More than 200 million people suffer from chronic obstructive pulmonary disease (COPD) worldwide, and three million of them die each year.[@b1-ijn-12-041] Thereby, COPD is the fourth most common cause of death globally. COPD consists of both bronchial disease and emphysema, with the latter leading to enlargement of the airspaces distal to the terminal bronchioles. Clinical evaluation of peripheral airspaces is difficult, since this region is not readily accessible for analysis.[@b2-ijn-12-041] The current standard diagnostic test for COPD is spirometry, which can detect airflow obstruction but has limited sensitivity to changes in the small airways.[@b3-ijn-12-041] Thus, early-stage emphysema may be present without being diagnosed if only spirometry is used.[@b4-ijn-12-041],[@b5-ijn-12-041]

A noninvasive technique with the ability to detect morphological changes in the small airways, including changes due to emphysema, is aerosol-derived airway morphometry (ADAM).[@b6-ijn-12-041]--[@b11-ijn-12-041] ADAM provides information on the airway dimensions by comparing inhaled and exhaled concentrations of monodisperse aerosol particles, usually in the range of 0.8--1.0 µm. In still air, particles of this size deposit primarily by gravitational settling, with the deposition efficiency depending on the vertical distance to the airway surfaces.[@b12-ijn-12-041] Based on this notion, the effective airway diameters (EADs) are derived with a simple deposition model.[@b7-ijn-12-041],[@b13-ijn-12-041],[@b14-ijn-12-041] ADAM has been shown to provide detailed information on airway diameters, especially in healthy subjects.[@b6-ijn-12-041],[@b7-ijn-12-041],[@b15-ijn-12-041]--[@b20-ijn-12-041] The method has also been validated with excised lungs of humans,[@b21-ijn-12-041] donkeys,[@b22-ijn-12-041] and dogs,[@b23-ijn-12-041] as well as with a bed of packed glass beads.[@b24-ijn-12-041] Furthermore, ADAM was found to be sufficiently sensitive to detect the increase in airspace dimensions with age.[@b17-ijn-12-041],[@b18-ijn-12-041],[@b25-ijn-12-041] For patients or animal models with respiratory disease, ADAM generally provides more ambiguous data, with the most promising findings related to enlarged airspaces in emphysema.[@b6-ijn-12-041],[@b26-ijn-12-041]--[@b39-ijn-12-041]

Although ADAM has several advantages in comparison to other diagnostic techniques, it has not become a common clinical practice for diagnosing COPD or other airway diseases. In fact, research of ADAM and its application as a diagnostic tool has ceased during the last decade. Two difficulties with ADAM are its requirement of a repeatable (and low) breathing flow rate and uncertainties concerning particle penetration into the diseased lungs.[@b6-ijn-12-041],[@b7-ijn-12-041],[@b39-ijn-12-041] The need for a highly controlled breathing maneuver at a low flow rate makes it difficult to measure the peripheral airspace dimensions at larger volumetric lung depths and at maximum inflation of the lungs.[@b17-ijn-12-041] Hence, ADAM has often been used to measure recovery at a fraction of the total lung capacity (TLC), which requires a preceding determination of lung volumes.

It is hypothesized that these difficulties can be reduced by using nanoparticles \<0.1 µm instead of micrometer-sized particles. As further detailed in this study, particles in this size range have a higher ability to penetrate into the peripheral airways, and they are less sensitive to obstructions and disturbances to the airflow in the tracheobronchial tree than micron-sized particles. Nanoparticles with neutral electrical charge deposit almost exclusively by Brownian diffusion.[@b40-ijn-12-041] Deposition by diffusion depends on the residence time and on the distance to the airway wall, but not on the airway orientation. Similar to particle deposition by gravitational settling in ADAM, particle loss due to diffusion in the alveolar region during breath-hold is related to the size of the airspaces.[@b41-ijn-12-041]

The objective of this work is to provide a basic theoretical background to the method of airspace dimension assessment by nanoparticles (hereafter named AiDA). In the following, previous findings on nanoparticle deposition in subjects with respiratory disease are summarized. Suitable breathing maneuvers are discussed for AiDA, an optimal particle size for the method is estimated, and the assumptions about AiDA are compared with the results obtained for ADAM. The relationship between the airspace dimensions and the recovery of exhaled nanoparticles is approximated and finally the potential use of AiDA for COPD diagnosis is briefly elaborated.

Deposition of nanoparticles in diseased lungs
=============================================

Experimental data on deposition probabilities of inhaled nanoparticles in patients with COPD are scarce and inconsistent ([Figure 1](#f1-ijn-12-041){ref-type="fig"}). Apart from a few studies on asthmatics, the deposition of nanoparticles has only been investigated in 40 subjects with respiratory disease: 32 with COPD, five with obstructive lung disease, and three with restrictive lung disease.[@b42-ijn-12-041]--[@b46-ijn-12-041] Different diagnostic methods were used, with only one study separating the COPD patients into those with predominantly airways disease (*n*=7) and those with predominantly emphysema (*n*=3).[@b43-ijn-12-041] The exposure procedures varied, with three studies using spontaneous breathing,[@b43-ijn-12-041],[@b44-ijn-12-041],[@b46-ijn-12-041] one using bolus inhalation,[@b45-ijn-12-041] and one a predetermined breathing cycle.[@b42-ijn-12-041] The particle types also differed: monodisperse technetium-99 m-labeled ultrafine carbon aerosol,[@b43-ijn-12-041],[@b45-ijn-12-041] polydisperse di-ethyl-hexyl-sebacate,[@b42-ijn-12-041] emissions from biomass combustion,[@b46-ijn-12-041] and diesel exhaust particles.[@b44-ijn-12-041] Hence, it is difficult to draw any solid conclusions from the available data.

All the experimental studies found deviations in deposition of nanoparticles between diseased subjects and healthy controls, although differences were both positive and negative ([Figure 1](#f1-ijn-12-041){ref-type="fig"}). However, group differences are uncertain, since the number of subjects with respiratory disease was limited to 3--10 in each study. Since only one of the studies reported a similar breathing pattern for all subjects, it is also difficult to assess if differences were due to varying breathing flows or due to lung morphology. A comparison of experimental data and the ICRP model (International Commission on Radiological Protection) for a group of 17 subjects (10 with COPD) who were exposed to diesel exhaust particles reveals that breathing pattern changes cannot explain the decrease in deposition of particles \<40 nm in the COPD patients, nor the increase in deposition of particles \>400 nm.[@b44-ijn-12-041],[@b47-ijn-12-041] Similar results were obtained for biomass combustion particles.[@b46-ijn-12-041]

Experimental data with imaging techniques also show that nanoparticles, unlike larger-sized particles, do not have a decreased peripheral deposition in patients with airway obstructions.[@b43-ijn-12-041],[@b45-ijn-12-041],[@b48-ijn-12-041]--[@b53-ijn-12-041] Möller et al[@b45-ijn-12-041] measured the central/peripheral deposition ratio during bolus inhalation that targeted the peripheral lung region or the central airways. For the peripheral lung, no differences were found between COPD patients or smokers and the nonsmoking controls. For boluses targeted to the central airways, the fraction of nanoparticles reaching further into the peripheral lung was significantly higher in COPD (*P*\<0.01, 100 nm particles, central/peripheral ratio 2.01 and 1.22 for healthy and COPD subjects, respectively). In contrast, Brown et al[@b43-ijn-12-041] found a small increase in central deposition for patients with COPD (*P*\<0.05, 61 nm particles, central/peripheral ratio 1.01 and 1.11 for healthy and COPD subjects, respectively). For particles \>450 nm, measurements consistently showed an increase in the central deposition in COPD or asthma patients even at moderate flow rates.[@b48-ijn-12-041]--[@b54-ijn-12-041]

There are few model calculations on deposition of nanoparticles in diseased lungs, and often these are limited to confined regions of the respiratory tract. In general, modeling of particle deposition in diseased lungs is difficult and requires numerous assumptions and simplifications of both the lung morphology and the airflow patterns, since the morphology of diseased lungs is more complex and heterogeneous compared to normal lungs. Computational lung deposition models can be divided into two classes: local deposition models that are normally based on computational fluid dynamics (CFD) and whole-lung deposition models.[@b55-ijn-12-041],[@b56-ijn-12-041] CFD models are computationally demanding and usually restricted to the upper airways or specific regions of the tracheobronchial tree. These models calculate flow rates and deposition patterns of aerosol particles at high spatial resolution. However, simplifications are often made to the structure of respiratory tree, for example, regarding cartilaginous rings, carinal ridges, and the complex alveolar region and its dynamic change in dimensions during the breathing cycle.[@b55-ijn-12-041],[@b57-ijn-12-041] In addition, isolating local regions of the respiratory tract entails uncertainties due to the unknown flow fields at the entrance to the computational domain.[@b58-ijn-12-041] The calculations are also difficult to validate with experimental data, especially for the narrow airspaces. Whole-lung models on the other hand are semiempirical and do not provide detailed information on changes in deposition due to local abnormalities in the airways. Typically, the deposition is modeled as the sum of particle losses in a series of filters or pipes with simple characteristics.

Few CFD models investigate diseased lungs, and almost all of these models are restricted to calculating flow fields or the deposition of micrometer-sized particles. One study reported that particle deposition in the central airways was significantly altered by sidewall or carinal tumors and airway constrictions or blockage with higher deposition of large particles (\>1 µm) when tumors were present.[@b59-ijn-12-041] The opposite, that is, decreased deposition, was estimated for nanoparticles. It is noteworthy that CFD models for normal lungs show a nonuniform deposition of micron-sized particles, with increased particle deposition at specific sites, such as the carinal ridges, while nanoparticles tend to coat the surfaces more uniformly.[@b58-ijn-12-041],[@b60-ijn-12-041]--[@b62-ijn-12-041] The deposition enhancement factor (DEF), which is high at deposition "hot spots", is often more than two orders of magnitude larger for micron-sized particles compared to nanoparticles.[@b61-ijn-12-041]--[@b63-ijn-12-041] For instance, Zhang et al[@b62-ijn-12-041] calculated that DEF in generation 0--3 of the bronchial tree was up to 400--2,400 for particles in the range of 1--10 µm, while only 2--10 for nanoparticles in the range of 10--100 nm.[@b62-ijn-12-041] Based on the computational model results for micron-sized particles, DEF and local deposition are expected to be increased in patients with respiratory airway disease.

Whole-lung models estimated increased deposition of nanoparticles in bronchitic patients and decreased deposition in emphysematic patients.[@b64-ijn-12-041],[@b65-ijn-12-041] Deposition was also predicted to vary depending on the emphysema type -- centriacinar, paraseptal, panacinar, and bullous. The lowest deposition was predicted for bullous emphysema, since particles need to pass larger distances before depositing on the alveoli walls. Yet, this result awaits experimental verification, since it is known that the bullae, that is, large air pockets in the lungs, are poorly ventilated, and it is thus unclear to what extent the inhaled aerosol actually enters these airspaces. Interestingly, particles in the range of 30--50 nm were suggested to have a substantially decreased deposition in emphysema patients, and thus be most suitable for reaching the outermost region of the lung.[@b65-ijn-12-041]

In contrast to the few inconclusive studies on nanoparticle deposition patterns in diseased lungs, micron-sized particles repeatedly demonstrate an increased deposition during tidal breathing for patients with COPD.[@b66-ijn-12-041]--[@b70-ijn-12-041] This is an effect of the altered flow field in the obstructed and constricted airways, as the micron-sized particles are mainly affected by inertial and gravitational losses. In contrast, deposition by diffusion, as is the case for nanoparticles, is less affected by disturbances of the airflows. The only exception to the increase in deposition of large particles in COPD is the measurements made with ADAM, where deposition is studied in still air from the respiratory zone.

Breathing maneuver in ADAM and AiDA
===================================

There are three versions of ADAM: single-breath recovery, bolus recovery, and the particle concentration technique.[@b9-ijn-12-041],[@b13-ijn-12-041] The single-breath technique provides a volume-weighted EAD for the whole lung by determining the particle half-life from different breath-holding periods.[@b6-ijn-12-041],[@b7-ijn-12-041] The bolus recovery technique probes different volumetric lung depths with small (30--100 mL) boluses to obtain information of EAD as a function of volumetric lung depth, but at the expense of an extensive measurement protocol with several breath-holding periods for each studied lung depth.[@b15-ijn-12-041],[@b16-ijn-12-041] The particle recovery technique combines the more detailed information from the bolus recovery technique with the simple execution of the single-breath technique through a continuous measurement of the recovery in the exhaled air. The recovery data is then divided into consecutive bins that correspond to EADs at different volumetric lung depths.[@b17-ijn-12-041],[@b18-ijn-12-041]

The fundamental difference between the proposed new method -- AiDA -- and aerosol-derived airway morphometry (ADAM) is the particle deposition mode. The three main particle deposition mechanisms in the respiratory tract are diffusion, gravitational settling, and inertial impaction. [Figure 2](#f2-ijn-12-041){ref-type="fig"} shows the displacement velocity due to Brownian motion, and the settling velocity due to gravity for unit density particles.[@b71-ijn-12-041] As seen, the diffusion displacement speed of 0.1 µm particles is approximately similar to the settling velocity of 1 µm particles. Deposition by impaction occurs foremost in the proximal airways and has important contribution to the total deposition only when particle inertia is substantial. Hence, significant contribution by inertial deposition to the total lung deposition in healthy people during normal breathing conditions is expected only for particles \>2 µm. However, inertial deposition can be substantially altered in patients with airflow obstruction, due to the velocity field in partially blocked airways, and affect the deposition of particles \>200 nm.[@b49-ijn-12-041],[@b72-ijn-12-041]

Apart from the distinct particle size, the breathing pattern of ADAM and AiDA is also different. The breathing procedure used in AiDA is similar to the well-established maneuver performed during measurement of the diffusion capacity for carbon monoxide, *D*~L,CO~.[@b73-ijn-12-041] A measurement of *D*~L,CO~ begins with a period of spontaneous tidal breathing at a mouthpiece to adjust to the equipment. Thereafter follows an exhalation to the residual volume (RV), a fast inhalation to TLC, a 10±5 seconds breath-hold and finally exhalation. In ADAM, a comparable breathing pattern is used, but the flow rate during inhalation and exhalation is held constant, usually at 250 mL/s, by the subjects following a signal on a screen. Because of the low airflow, inhalation normally begins at the functional residual capacity (FRC), or between the RV and FRC, and ends at around 70%--85% of the TLC. Next follows a breath-hold of 2--10 seconds, and finally expiration at a similar flow rate as during inspiration.

The low and controlled airflow in ADAM is required for achieving constant particle losses during the inspiration and expiration phases for all the breath-holding periods. Thereby, the recovery can be obtained only from the breath-hold periods, when particles settle in presumably still air. The fast and deep inhalation, as used in *D*~L,CO~, could result in substantial uncertainties if it was applied in ADAM, with the high airflow rates leading to increased micron-sized particle losses due to inertial impaction which are harder to measure with high precision, especially in COPD patients.[@b6-ijn-12-041] In addition, deposition during inhalation and exhalation may be enhanced if a patient has an unsteady flow rate.[@b74-ijn-12-041] It is also notable that particle losses differ between inspiration and expiration.[@b75-ijn-12-041],[@b76-ijn-12-041] The breathing procedure in ADAM, with controlled breathing flow rate, is possible to achieve by most subjects after some training, but has been reported to be challenging for some groups of patients and for children.[@b8-ijn-12-041],[@b39-ijn-12-041] In clinical practice, difficulties may be larger as time is more limited and as volunteers in research studies may be more approving and adaptive than patients in general.

For AiDA, high flows during inspiration and expiration are not expected to cause difficulties, as they will increase rather than decrease the fraction of the nanoparticles that deposit in the pulmonary region ([Figures 3](#f3-ijn-12-041){ref-type="fig"} and [4](#f4-ijn-12-041){ref-type="fig"}). [Figure 3](#f3-ijn-12-041){ref-type="fig"} illustrates the particle deposition fraction in the pulmonary region for a breathing cycle with 2,000 mL inhalation, 10-second breath-hold and exhalation at a constant flow rate. [Figure 4](#f4-ijn-12-041){ref-type="fig"} shows the deposition fraction in each generation along the respiratory tree during inhalation and exhalation (without breath-hold) for a healthy adult breathing through the mouth in an upright position (based on the Multiple Path Particle Dosimetry model version 2.11[@b77-ijn-12-041]). As seen, deposition of nanoparticles (50--100 nm) in the pulmonary region is relatively insensitive to the breathing rate ([Figure 3](#f3-ijn-12-041){ref-type="fig"}), whereas increased deposition of larger particles in the extra-thoracic and tracheobronchial regions is evident at higher flows.

The advantage of being able to use higher flow rates in AiDA is that a breathing pattern similar to that used in *D*~L,CO~ measurements can be used. This means an easier breathing protocol for the patient and that the airspace dimensions can be measured at TLC, when the alveoli are maximally inflated. Thus, clinical procedures can be simplified substantially. In ADAM, airspace dimensions are almost exclusively determined at a fixed percentage of TLC, which entails additional time to measure TLC and preferably also FRC -- a process that requires a body plethysmograph or instruments for gas dilution measurements, and may give rise to uncertainties.

Assessment of airspace dimensions from particle recovery
========================================================

A number of studies develop the theoretical framework for the relationship between pulmonary airway dimensions and recovery of monodisperse particles that deposit predominantly by gravitational settling.[@b7-ijn-12-041],[@b10-ijn-12-041],[@b11-ijn-12-041],[@b14-ijn-12-041],[@b41-ijn-12-041],[@b78-ijn-12-041]--[@b81-ijn-12-041] Two approaches were presented: the tube model, which can be used for both the airways and the acini, and the chord-length model, which is specific for the acini. In the tube model, the airspace dimensions are approximated assuming that particles deposit in a system of identical, yet randomly oriented, cylindrical tubes. The airway radius, *r*, is related to the recovery, *R*(*t*), of particles after a breath-hold as $$R\left( t \right) = e^{\frac{- 2v_{s}t}{\pi r}}$$where *v*~s~ is the particle terminal settling velocity.[@b7-ijn-12-041],[@b78-ijn-12-041] Thus, the tube radius can be calculated from the particle half-life time, *t*~½~: $$r = \frac{2vt_{1/2}}{\pi\text{In}2}.$$

This model, however, does not account for diffusion. For unit density spheres, the root mean square (r.m.s.) Brownian displacement and the terminal settling velocity are approximately equal for 0.5 µm particles ([Figure 2](#f2-ijn-12-041){ref-type="fig"}). Hence, particles with this diameter are considered to be the smallest particles suitable for ADAM.[@b82-ijn-12-041]

For a 100 nm particle, the r.m.s. Brownian displacement is 45 times larger than the terminal settling velocity of unit density spheres, and on timescales smaller than a few minutes, nanoparticles can be considered to deposit exclusively by diffusion. For longer times, gravitational settling may become significant, because it is directly proportional to the time, whereas deposition by diffusion scales with the square root of time. The theory behind the estimation of airway radii from diffusion losses is based on solution of the diffusion equation in circular tubes,[@b79-ijn-12-041],[@b83-ijn-12-041],[@b84-ijn-12-041] $$\frac{\partial n\left( {x,t} \right)}{\partial t} - D\nabla^{2}n\left( {x,t} \right) = 0$$where *n*(*x*, *t*) is the number concentration of particles at location *x* and time *t*, and *D* is the diffusion coefficient given by the Stokes--Einstein relation $$D = \frac{kTC_{c}}{3\pi\ \mu d_{p}}.$$Here, *k* is the Boltzmann coefficient, *T* is the temperature, *C*~c~ is the Cunningham slip correction factor, *µ* is the air viscosity and *d*~p~ is the particle diameter (all in SI units). The diffusion equation ([eq. 3](#fd3-ijn-12-041){ref-type="disp-formula"}) for a cylindrical tube with axisymmetric boundary conditions can be solved easily by separation of variables. Assuming homogenous initial concentration, the fraction of recovered particles is given by $$R\left( t \right) = 4{\sum_{m = 1}^{\infty}{\frac{1}{k_{0,m}^{2}}e^{(\frac{- k_{0,m}^{2}Dt}{r^{2}})}}}$$where *k*~0,~*~m~* is the *m*th root of the Bessel function of the first kind, *J*~0~(*x*) =0 (ie, *k*~0,1~ =2.41, *k*~0,2~ =5.52, *k*~0,3~ =8.65, *k*~0,4~ =11.79, etc). As long as the initial concentration profile is axisymmetric, the solutions to *R*(*t*) will be a sum of a series of exponential functions.[@b83-ijn-12-041] After a certain time, a single exponential function will dominate the summation (normally for *m*=1). The time needed to reach the single exponential phase depends on the initial concentration profile, the particle size (via its diffusion coefficient, [eq. 4](#fd4-ijn-12-041){ref-type="disp-formula"}) and the tube radius. For nanoparticles (\<0.1 µm), the typical time for this to occur in the peripheral airspaces is expected to be \<5 seconds. Hence, the measured half-life time, *t*~½~, of the particles is assumed to correspond to only the first term in the infinite exponential series. Thus, the representative radius is estimated from $$\frac{1}{2} = e^{({- \frac{k_{0,1}^{2}Dt_{1/2}}{r^{2}}})}$$which leads to $$r = 2.89\sqrt{Dt_{1/2}}.$$

Since ADAM reports the EADs, sticking to the same terminology, EAD = 2*r*.

The recovery without breath-hold is denoted by *R*~0~. In general, it depends on the initial concentration profile and on the particle losses during inhalation and exhalation. When taking only the first exponential term into account, *R*~0~ can be determined from the measured *R*(*t*) values as $$R_{0} = R\left( t \right)e^{(\frac{k_{0,1}^{2}Dt}{r^{2}})} = R\left( t \right)e^{(\frac{t\text{In}2}{t_{1/2}})}$$

[Eq. 2](#fd2-ijn-12-041){ref-type="disp-formula"} reveals that when the airway radius is assessed by recovery of diffusive nanoparticles, it is proportional to the square root of the half-life of the diffusional deposition process and not to the half-life itself, as when the assessment is based on deposition of gravitationally settling particles ([eq. 7](#fd7-ijn-12-041){ref-type="disp-formula"}). Hence, a change in the airway radii has a larger effect on the half-life of nanoparticles than of micron-sized particles. This is a notable advantage of AiDA, since based on this model, changes in the lung morphology will lead to more sizeable variations, which can be measured more easily. In other words, airways radius estimated using [eq. 7](#fd7-ijn-12-041){ref-type="disp-formula"} is expected to be less sensitive to (indirect) measurement errors of *t*~½~ (which is estimated by regressing the exponential function against time series of measured data). The use of [eq. 7](#fd7-ijn-12-041){ref-type="disp-formula"} is clearly more supported when diffusional deposition is predominant, which according to Goldberg and Smith,[@b83-ijn-12-041] corresponds to $$d_{p} < \frac{1.17 \cdot 10^{- 7}}{\sqrt[3]{\rho r}}.$$

[Figure 5](#f5-ijn-12-041){ref-type="fig"} illustrates estimated half-life times for different tube radii and particle sizes. As can be seen, *t*~½~ ranges between about 1 and 60 seconds for particles with size between 40 and 150 nm. This roughly sets the limits for an applicable particle size range. Being in the lower end of this size range has the advantages of less interference by gravitational settling and a shorter time to reach the single-exponential behavior.

A consequence of the nonlinear relationship between the airspace radius and the half-life for AiDA ([eq. 7](#fd7-ijn-12-041){ref-type="disp-formula"}) is that the derived radius, *r*~mean~, of a collection of airspaces of different dimensions, *r~i~*, will be weighted toward the larger dimensions. Assuming equal volumes of all airspaces, $$r_{\text{mean}} = 2.89\sqrt{Dt_{1/{2,\text{mean}}}} = 2.89\sqrt{D\frac{1}{n}{\sum_{i = 1}^{n}t_{1/{2,i}}}} = \sqrt{\frac{1}{n}{\sum_{i = 1}^{n}r_{i}^{2}}}.$$

Thus, for AiDA, the *r*~mean~ is the r.m.s. of all the measured radii, whereas for ADAM, it is the arithmetic mean. From a diagnostic perspective, it is an advantage that a small number of enlarged airspaces have a disproportional effect on *r*~mean~. Hence, this is a significant benefit of AiDA over other techniques.

Uncertainties in the analysis of airflow and particle deposition data in recovery experiments of both nanoparticles and micrometer-sized particles stem from the numerous assumptions used, including that the airways are tubular and uniform. In reality, the airways geometry is much more complex, and the physical meaning of the estimated airway radius is unclear.[@b85-ijn-12-041] It is also well known that many lung diseases, such as pulmonary emphysema and asthma, are heterogeneously distributed in the lungs. The effects of this morphological heterogeneity on the measured recovery cannot be easily addressed theoretically, especially for late stages of emphysema where the diseased parts of the lungs may be poorly ventilated.

Possibly, the most important difference between AiDA and ADAM is the potential for higher penetration of nanoparticles into the peripheral regions of diseased lungs. The optimal particle size for reaching the most distal parts of the acinus is a compromise between particle with minimal deposition characteristics, which can be carried to the deep lungs (convective transport) during inhalation, and a large displacement velocity during the subsequent breath-hold to reach remote areas. The former is achieved by large nanoparticles, while the latter increases for small nanoparticles.[@b47-ijn-12-041],[@b86-ijn-12-041]--[@b88-ijn-12-041] Based on the analysis explained, the optimal particle size range for AiDA is 40--100 nm, but experiments and detailed model calculations, especially for diseased lungs, are necessary to confirm these theoretical predictions.

Relationships between particle loss and the morphology of terminal bronchioles and gas-exchange region
======================================================================================================

In addition to the information on the airway radii obtained from *t*~½~, the recovery without breath-hold as derived from the single exponential function, *R*~0~, also reflects the lung morphology. The factor *R*~0~ depends on the initial concentration profile in the airway tubes, the time for the inhalation and exhalation and particle losses during transport of the aerosol. Assuming that all the lungs have similar initial concentration profiles, variations in *R*~0~ reflect particle loss during the inhalation and exhalation phases of the breathing maneuver. For nanoparticles in the range of 40--100 nm, most of these losses occur distal to generation 15 in the respiratory tree, corresponding to the terminal bronchioles and the gas-exchange region ([Figure 4](#f4-ijn-12-041){ref-type="fig"}). Thus, *R*~0~ is likely to reveal either changes in the deeper parts of the lungs or abnormal particle concentration profiles, for instance, due to local turbulence or distorted airways. Variations in *R*~0~, therefore, may provide additional clinical information about possible abnormalities in these regions.

AiDA as a diagnostic tool
=========================

There is a need for techniques to assess abnormalities in the peripheral lung, not least in diagnosis of COPD. The diagnosis of COPD is based on long-standing cough and/or dyspnea on exertion in combination with airflow limitation after bronchodilatation, usually demonstrated by spirometry and a history of exposure to noxious inhalants.[@b3-ijn-12-041] But as spirometry has poor sensitivity to changes in small airways, emphysema may remain unidentified if no other techniques are used.[@b4-ijn-12-041],[@b5-ijn-12-041] Emphysema is an indicator of poor prognosis, and since the most effective treatment is to reduce harmful exposure, primarily by smoking cessation, an early diagnosis is crucial to motivate patients to stop smoking.[@b89-ijn-12-041],[@b90-ijn-12-041] Current techniques with high sensitivity for emphysema are X-ray computed tomography (CT) and magnetic resonance imaging (MRI), where hyperpolarized and poorly soluble gases, normally Helium-3 or Xenon-129, are used as contrast agents.[@b73-ijn-12-041],[@b91-ijn-12-041]--[@b94-ijn-12-041] CT is expensive compared to spirometry and *D*~L,CO~, and also entails a radiation dose. MRI with hyperpolarized gases is inaccessible and generally too costly to be used other than for research purposes. *D*~L,CO~, although a sensitive indicator of abnormal lung function, is affected by blood flow, hemoglobin concentration or alterations of the alveolar membranes and is therefore not specific for emphysema.[@b73-ijn-12-041] In the absence of airflow limitation, reduced *D*~L,CO~ can therefore not be taken to indicate emphysema. Thus, there is a need for simple, sensitive and reliable method for diagnosing emphysema.

Compared to CT and MRI with hyperpolarized gases, lung diagnosis with an aerosol-based method, such as AiDA, is likely to be less time consuming, considerably cheaper, simpler to use, and easier to interpret (a single value rather than an image that has to be analyzed). Corresponding to carbon monoxide molecules in *D*~L,CO~, nanoparticles move by diffusion, and thus, a breathing maneuver similar to that of *D*~L,CO~ could be utilized. In contrast to carbon monoxide in *D*~L,CO~, the uptake of nanoparticles in the lung is not affected by other variables than morphology.

The major challenge of AiDA, in comparison to ADAM, is the need for a more advanced experimental technique. Particles larger than about 0.2 µm can be detected by light scattering directly at the mouthpiece. For smaller particles, more sophisticated methods, such as condensation particle counters or instruments based on electrometers, are needed -- these instruments are on the other hand more accurate than optical particle counters, which are sensitive to scattering properties (for instance, caused by changes in humidity), particle shape and mal-detection from multiple particles in the measurement zone. However, over the last decade, such techniques have improved rapidly due to an increased interest in nanotechnology and health aspects of nanoparticles. For instance, Kim and Jaques[@b95-ijn-12-041] performed fast sampling of nanoparticles directly at the mouthpiece through bypassing of the averaging circuit in an ultrafine condensation particle counter. Another option is to use fast valves for sampling of specific volumes of the exhaled air before analysis.[@b96-ijn-12-041]

The use of inhaled particles for diagnosis has implications for approval and regulation of AiDA as a medical device. Insoluble nanoparticles can be more toxic than larger particles at equal mass concentrations due to a higher total surface area.[@b97-ijn-12-041] On the other hand, the mass concentration of nanoparticles in AiDA is expected to be very low. An optimal inhaled number concentration is below 100,000 particles/cm^3^ to avoid coincidence in the detection instruments and particle losses by coagulation.[@b98-ijn-12-041],[@b99-ijn-12-041] This concentration is comparable to normal urban background of nanoparticles, and over a single breath procedure, the deposited amount of particulate material will be insignificant compared to real-world particle exposures. In addition, the particle substance used in AiDA can be of a material with low toxicity which ideally is biodegradable. Due to the small particle size, the total inhaled particle mass in AiDA will be orders of magnitude less than for ADAM.

Summary and conclusion
======================

The usage of nanoparticles for assessment of distal airspace morphology and detection of emphysema may have several advantages in comparison to previous aerosol-based methods with larger particles: 1) High breathing flow rates do not increase deposition and a breathing maneuver similar to the clinically well-established *D*~L,CO~ could most likely be used, which considerably would facilitate the procedure for the patient and reduces overall examination time as no training is needed prior to measurement. 2) A higher breathing flow rate makes it possible to inhale from the RV to TLC, and consequently, the peripheral airspace dimensions can be measured at maximum inflation which eliminates the need for determination of lung volumes for interpretation of data. 3) A change in airway radius has a larger effect on the measured parameter, the particle half-life time *t*~½~, for nanoparticles than for micrometer-sized particles, and thus, the sensitivity is expected to increase. 4) Interpretation of clinical data is expected to be simpler as the deposition of nanoparticles is almost exclusively determined by diffusion, while the deposition of micron-sized particles is a complex combination of settling and diffusion. 5) The mass concentration of the inhaled particles is likely to be reduced by two to three orders of magnitude, which may be of importance for acceptance by patients or regulatory authorities. 6) Finally, but perhaps most importantly, the penetration of inhaled particles into diseased or poorly ventilated regions of the lung is probably superior for nanoparticles of certain sizes to micron-sized particles.

In summary, AiDA has several potential benefits which are still unexplored, and the technique could be a way forward to simplify diagnosis of pulmonary diseases, such as emphysema. Based on the available experimental data and model calculations, the preferable particle size range is likely to be within 40--100 nm. Development of new instruments for rapid and cheap detection of nanoparticles has opened a new window for such studies.
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![Available experimental data for patients with COPD.[@b42-ijn-12-041]--[@b45-ijn-12-041] The four studies are different with respect to aerosol type, breathing pattern, classification of disease, and experimental methodology. Ellipses are added for clarity (indicating data from Brown et al[@b43-ijn-12-041] and Möller et al[@b45-ijn-12-041]).\
**Abbreviation:** COPD, chronic obstructive pulmonary disease.](ijn-12-041Fig1){#f1-ijn-12-041}

![Comparison of gravitational settling velocity and root mean square Brownian displacement in 1 s.[@b71-ijn-12-041] The calculation is made for body temperature (37°C) with unit density spherical particles.\
**Abbreviation:** s, second.](ijn-12-041Fig2){#f2-ijn-12-041}

![The fraction of particles deposited in the pulmonary region as calculated by the Multiple Path Particle Dosimetry model. The simulated breathing patterns correspond to those used in diagnostic procedures, with a 2,000 mL inhalation followed by a 10 s breath-hold.\
**Abbreviation:** s, second.](ijn-12-041Fig3){#f3-ijn-12-041}

![Deposition fraction at different generations of the respiratory tract for 0.05 µm particles (left) and 1 µm particles (right) as calculated with the Multiple Path Particle Dosimetry model for a healthy adult during oral breathing without breath-hold.\
**Abbreviation:** s, second.](ijn-12-041Fig4){#f4-ijn-12-041}

![Estimated half-life, *t*~½~, of inhaled particles during a breath-hold for airways with a radius of 200, 300, and 400 µm, respectively, which corresponds with the airspace sizes in the periphery of healthy lungs and of patients with mild pulmonary emphysema.\
**Abbreviation:** s, second.](ijn-12-041Fig5){#f5-ijn-12-041}
